Abstract--The vitric matrix of pre-caldera acid tuff and tuff breccia of the Santorini volcano, Aegean Sea, Greece has been generally replaced by one or more of the following authigenic minerals: K-rich and (K,Ca)-rich clinoptilolite, mordenite, opal-CT, and clay minerals. Halite is also present in some samples. Initial compositional inhomogeneities between the dacitic blocks in tuff breccia and tuff seem to have controlled the type of K-rich heulandite-group zeolite that formed. Mordenite postdates the heulanditegroup zeolites and opal-CT. Some mordenite has replaced the rims of glass shards. The alteration minerals are not related to vertical or lateral zonation, and the irregular distribution of their assemblages is attributed to variations in heat flow, ionic activity in interstitial waters, and permeability. The pyroclastic rocks were in a region of active heat flow during and after their emplacement. The formation of authigenic silicates may have led to the sealing of open spaces and fractures, imposing barriers to permeability and subdividing the original open system into smaller closed systems. As alteration progressed, some of the trapped water in each individual domain was consumed in hydration reactions. Salts could have been concentrated by such a process, and halite probably precipitated from solutions of appropriate composition in the individual closed systems.
INTRODUCTION
Clinoptilolite and mordenite are common authigenic minerals in sedimentary rocks of volcanic origin. Deposits of these zeolites have been reported throughout the world (Hay, 1966; Sheppard, 1971; Iijima and Utada, 1971; Gottardi and Obradovir, 1978) , but it was not until 1981 that the first zeolite deposit was discovered in Greece (Kanaris, 1981) . The deposit occurs in the pre-caldera acid pyroclastic rocks (LumaraviArchangelos volcanics) of the Santorini Volcano, exposed along the southwestern edge of the Thera Island (Figure 1 ). According to Kanaris (1981) , clinoptilolite, Copyright 9 1989, The Clay Minerals Society mordenite and analcime (?) formed in these pyroclastic rocks from constituents dissolved from volcanic glass.
Apart from a Kanaris ' (1981) report on the occurrence of this deposit and a brief description of its mineralogical and geochemical characteristics based on five samples, no further data are available. The numerous eruptive events of the Santorini volcano from the Pleistocene to present (Nicholls, 1971; Ferrara et al., 1980) suggest that the Lumaravi-Archangelos pyroclastic rocks were in a region of active heat production during and after their emplacement. Zeolites in geothermal areas commonly show a vertical zonation in mineral assemblages; but such a zonation has not been ob- 
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Various pyroclastic volcanics
Rhyodacitic lower served in the Lumaravi-Archangelos zeolite deposit. Recent work on the chemistry of the geothermal fluids in the area (Kavourides et al., 1982) could provide a better understanding of the role of the interstitial, lowtemperature saline solutions in the formation of the various zeolite-bearing assemblages. We here document new representative chemical and mineralogical data based on the study of about 60 samples collected from the Lumaravi-Archangelos zeolitic pyroclastic rocks. The investigation of these samples was made primarily to study the composition of the zeolites and the factors controlling the formation and the irregular distribution of the authigenic mineral assemblages.
GEOLOGIC SETTING
The volcanic formation of the Santorini group of islands are part of the Aegean volcanic arc, which became active during the Pliocene and reached its maximum activity during the Quaternary (Fytikas et al., 1976; Barberi et al., 1977; Innocenti et al., 1979; Ferrara et al., 1980) . Santorini itself is an active volcano and has erupted numerous times prior to 1950. Prior to late Minoan time, the island was called Strongyle. About 1500 B.C., violent eruptions led to the collapse of the former circular island and to the formation of a large submarine caldera (11 • 7 km) enclosed by three remnants of the former stratocone, the islands Thera, Therasia, and Aspronisi. Two smaller islands then formed within the Santorini caldera by submarine and subaerial activity from about 197 B.C. to the present ( Figure IB) . The calk-alkaline, highalumina, basalt-andesite-dacite type of volcanism was mainly concentrated around eight centers (Reck, 1936; Pichler and Kussmaul, 1972) , but was first restricted to the Akrotiri peninsula on the southwestern part of Thera ( Figure 1C ). The eruptive rocks of this peninsula consist of the silicic Lumaravi-Archangelos volcanics and the mafic Akrotiri volcanics. The former consists of minor flows of hornblende dacite and chiefly silicic pyroclastic rocks, which are zeolitic. The Akrotiri volcanics consist mainly of small domes and flows of basalts and andesites (Nicholls, 1971; Pichler and Kussmaul, 1972) . Radiometric dating obtained on a dacitic lava flow from the oldest pre-caldera volcanic sequence is consistent with Pleistocene ages of 1.59 to 0.6 Ma. The volcanic products overlie a basement of Upper Triassic marble (Papastamatiou, 1958) , which is overthrust on metapelites and metapsammites of Eocene age (Tataris, 1964) that are metamorphosed to greenschist-blueschist facies (Davis and Bastas, 1980 ; C. Karagas, Department of Geology, University of Patras, Patras, Greece, unpublished data, 1986) . Recent work reveals that the island is geothermally active, with a geothermal gradient in its southern part of 1.6~ m (Kavourides et al., 1982) . The pyroclastic rocks cover an area of about 1 km 2 west of Akrotiri village ( Figure 1C ). The exposed thickness of the formation is about 160 m, but borehole data suggest a thickness of at least 220 m. The pyroclastic rocks do not seem to have originally accumulated in a marine or lake environment because the deposits are not sorted. The presence of marine fossiliferous lensoid beds, however, near the present summit "," ''" of Lumaravi (Fouqur, 1879) indicates that sometime during its history the formation must have been covered by the sea. The original clasts were mainly ash and lapilli of vitric and crystal composition and of variable percentage of accidental angular blocks, as large as 15 cm in diameter, derived from the fragmentation of the pre-existing hornblende dacite. These unsorted volcaniclastic deposits were later consolidated to tufts and lapilli tufts or tuft breccia. The tufts are white or shades of yellow, pink, and green and consist mainly of heulandite-group zeolites, mordenite, opal-CT, and smectite, along with rare pyrogenic quartz, plagioclase, and green-brown hornblende. The tuff breccia is composed mainly of gray to green dacitic lava blocks containing similar alteration products. Locally, however, they are only partly altered. The devitrification is less intense towards the core of the blocks, however, none of the samples analyzed contains fresh glassy groundmass. Unaltered plagioclase phenocrysts having oscillatory zoning (An4o_53) and microlitic plagioclase of similar composition are abundant; green-brown hornblende, clinopyroxene, and opaque minerals are more common in the dacitic blocks than in the tufts.
(..._ Figure 1 . A. Location of the Santorini group of islands, Aegean Sea, Greece. B. Caldera of Santorini group of islands. Framed area is depicted in C. C. Geological map of the Akrotiri area (after Pichler et at., 1980) . Numbered sample locations correspond to the following samples 1, S1-$5; 2, S13; 3, S16-S19; 4, $22; 5, $24; 6, $27; 7, $30-$34; 8, $35; 9, $36; 10, $40; 11, $43; 12, $45-$50; 13, $52, $53; 14, $62; 15, $66 . Table 1 . Mineralogy of altered pyroclastic rocks from the Santorino volcano, Greece, determined by X-ray powder diffraction. The entire pyroclastic sequence is cut by an irregular, dense network of opal-CT-rich veins, which represent former flow paths of circulating fluids. It is important to note that some dacite and rhyodacite of the younger northern series has also been altered. Nicholls (1971) and Mann (1983) reported replacement of interstitial glass by fibrous aggregates of secondary minerals and zeolites as vesicle fillings. Hoefs (1980) also noted that the/l'sO values of some lavas from Santorini exceed + 10~ (vs. SMOW) and attributed this enrichment to secondary low-temperature alteration processes.
METHODS OF STUDY
About 60 samples ofpyroclastic rocks were studied. Representative sampling locations are shown in Figure  1 C, and a generalized stratigraphic column of the Akrotiri area is given in Figure 2A . At selected localities, short stratigraphic sections and more systematic sampiing were made. Powder-pack mounts were used to produce random orientation for bulk X-ray diffraction (XRD) mineral analyses. For each sample, three mounts were prepared and investigated after heating at 260 ~ , 400 ~ , and 550~ to determine whether intensity reduction of the 020 and other XRD reflections of the heulandite-group zeolites occurred. The mounts were run at l~ from 3 ~ to 50~ using a Philips diffractometer and Ni-filtered CuKa radiation. For clay mineral identification, oriented mounts were prepared by sedimentation on a glass slide. Glycolation and heating at 490~ for 2 hr aided their identification. Relative abundances of authigenic minerals were estimated from the XRD patterns by using peak intensities. For samples of known chemical composition, the abundances were also calculated from the chemical analyses in terms of the chemistry of the minerals known to be present. Cristobalite was differentiated from opal-CT on the basis of their XRD patterns; opal-CT and cristobalite show characteristic peaks at 4.3 and 2.85 Zk, respectively, along with their common peaks near 4.05-4.11 and 2.5/~. Selected samples were examined in thin section and by scanning electron microscopy (SEM), using a JEOL JSM 820 instrument. Chemical analyses of the bulk samples were made using the Li tetraborate fusion method for Si and Ti and ICP on HF/HC104 solutions for the other elements. Elemental compositions were determined with a Link system energy-dispersive X-ray analyzer attached to a Cambridge Geoscan microprobe. Live time counts of 100 s and an acceleration voltage of 20 kV were the general analytical conditions. The quality of the zeolite analyses was calculated by spot checking the charge balance error (A1 + Fe) -(Na + K) -2(Mg + Ca) E= x 100. (Na + K) + 2(Mg + Ca)
RESULTS
Authigenic mineralogy
Microscopic observations show that mainly the volcanic glass has undergone extensive alteration. The vit- ric matrix of the pyroclastic rocks has been generally replaced by one or more of the authigenic minerals, such as heulandite-group zeolites, mordenite, opal-CT, cristobalite, and clay minerals. Halite is also present in about half of the samples. No analcime was recognized, although Kanaris (1981) icate minerals is random, inasmuch as no systematic vertical or lateral zonation was detected. The apparent decrease in silica minerals (opal-CT, cristobalite) towards the lower stratigraphic horizons probably is due to the selective collection of zeolite-rich samples.
Heulandite-group zeolites. Heulandite-group zeolites are the predominant zeolites in the Lumaravi-Archangelos pyroclastic rocks and are present from trace amounts to 60%. They commonly occur as microcrystalline aggregates making up most of the matrix in the altered tufts and lapilli tufts and as precipitates in cavities and veinlets. Glass shard pseudomorphs, partly or entirely filled by heulandite-group zeolites and other authigenic minerals, are more common in the altered dacitic blocks than in the tufts and lapilli tufts. The arrangement of the minerals in most of the glass shard pseudomorphs has the following form: a thin film of crystalline clay lines the outer walls, a layer of finely crystalline zeolites surrounds one or more layers of coarser tabular grains, which locally merge to close the cavities completely. Coprecipitated opal may be present in all zeolitic layers, however, globular opal is more common in the innermost parts of partly filled pseudomorphs. Heulandite-group zeolite crystals filling cavities of dissolved glass shards are commonly coarser (~30 #m) than those in the matrix and grow with their long axis perpendicular to the shard margin. SEM reveals that individual crystals have the characteristic tabular or platy monoclinic morphology and that some coexist with crystals showing ragged morphology (Figures 4, 5, and 11) . Representative electron microprobe analyses of single crystals of heulanditegroup zeolites, recalculated on the basis of 72 oxygen atoms, are given in Table 2 . The sum of the exchangeable cationic charges in the unit cell of the analyses is only slightly tess (generally by less than 0.5 units) than the number of R 3 cations in the tetrahedral sites, probably the result of volatization of light elements under the electron beam. In addition, the error (E) for the analyses is less than the commonly acceptable 10%; therefore, the analyses may be considered satisfactory.
The Si/A1 ratios are 4.56-5.00, and using the classification scheme of Boles (1972) , all the samples can be classified as clinoptilolite. The analyses reveal small but noticeable differences not only between clinoptilolite crystals encountered in different samples but between clinoptilolite crystals in the same sample (e.g., sample $32). The relative compositions of the exchangeable cations are shown in Figure 6 . Note that the alkalis exceed Ca and that 60-80% of the exchangeable cations are potassium. The clinoptilolite in sample $46 is richer in Ca and poorer in alkalis than the clinoptilolite in samples $32 and $43 (Figure 6 ). Clinoptilolite from the latter sample plots in a marginal point between the field of clinoptilolite from sample $32 and that of the more (K,Ca)-rich clinoptilolite (sample $46). The Si/A1 ratios are 4.56-4.72 for the (K,Ca)-rich clinoptilolite and 4.76-5.0 for the clinoptilolite in the other samples. These differences in their chemistry are consistent with their thermal behavior.
Heat treatments proposed by Mumpton (1960) , A1-ietti (1972) , and Boles (1972) were used to study their thermal properties. In most of the altered dacitic blocks (e.g., sample $32), the heulandite-group phase after overnight heating at 550~ retained 70-90% of its 020 peak intensity and is therefore clinoptilolite (heulandite of group 3) (Figure 3b ). In most of the zeolitic tufts and lapilli tufts, however, after overnight heating at 550~ the heulandite-group phase retained only 20-50% of its 020 intensity, even though according to its Si/A1 ratio and low (0.26--0.36) divalent/monovalent cation ratio the zeolite can be classified as heulandite of group 3 (cf. Alietti et al., 1977) . The persistence of a portion of the 020 reflection at such temperatures characterizes heulandites of group 2 (Boles, 1972) . Plots include analyses in addition to those given in Table 2 .
(Open symbols). Open diamonds in (b) represent compositions of K-rich clinoptilolite from deep-sea sediments given by Boles (1977a) . Si/A1 vs. (Ca + Mg)/(Na + K) ratios of the heulandite-group zeolites from the pyroclastic rocks of the Lumaravi-Archangelos volcanics (symbols same as in Figure 6 ). positional variation or discernible zoning was found. The partial breakdown of the present (K,Ca)-rich clinoptilolite at 550~ and the absence of contracted phases at lower temperatures support the conclusion reached by several workers that slight differences in the type of cation play an important role in the thermal behavior of the heulandite-group zeolites.
Although the clinoptilolites examined here appear to have rather distinct Si/A1 ratios and Ca and K contents, several analyses suggest a continuous variation in their composition and the (Ca + Mg)/(Na + K) ratio decreases with increasing Si/A1 (Figure 7 ) (cf. Boles and Coombs, 1975) . Ratterman and Surdam (1981) found no significant differences in the Si/(Al + Fe 3 § of the different heulandite-group zeolites, and from their data, this group of minerals appears to be best distinguished on the basis of their cation contents.
Nevertheless, the heat treatment of the present samples at 260"C for 2 hr and at 400~ overnight did not result in the appearance of a polymorphic phase (Figure 3a) (cf. Alietti, 1972; Boles, 1972) . The behavior of these zeolites is similar to that ofa Si-poor Na-clinoptilolite and of the intermediate heulandite-clinoptilolite described by Boles (1972, sample 9, Table 4 ) and Ratterman and Surdam (1981) , respectively. Such intermediate thermal properties have been attributed by various workers (e.g., Shepard, 1961; Boles, 1972; Ratterman and Surdam, 198 I) to the presence of clinoptilolite-heulandite mixtures, zoned crystals, or a chemically homogeneous alkali-rich heulandite. Where grain size permitted, many single crystals or crystal aggregates were analyzed in the (K,Ca)-rich clinoptilolitebearing samples ($43 and $46), but no significant com- Compared with alkali-rich, heulandite-group zeolite compositions reported in the literature, the zeolites of the present study are similar only to some K-rich clinoptilolites from pelagic sediments, such as those described by Stonecipher (1978) and Boles (1977a) (Figure 6b) .
Mordenite. Mordenite occurs in variable amounts in most of the samples examined and most commonly coexists with clinoptilolite, cristobalite, and smectite. Mordenite, due to its fine-grained nature, was identified by XRD and by crystal morphology using SEM. SEM shows that mordenite occurs as fibrous masses or as thin, scattered fibers. Individual fibers are less than 0.5 #m in diameter and about 20-80 ~tm long, curved, and commonly intertwine into mesh structures or "rats' nests" of the type described by Mumpton and Ormsby (1976) or occur in spider-web fashion coating or bridging the gaps between clinoptilolite crystals (Figure 8) . Locally, coarser fibers radiate from a point form- Figure 11 . Scanning electron micrograph of sample $48, showing well-formed tabular clinoptilolite crystals and interstitial elongated blocks and clusters of cross-radiating opal-CT and thin fibers of mordenite draped over the clinoptilolite and opal-CT. ing a 'whisk broom' texture ( Figure 9 ). Although mordenite was not generally observed as a direct alteration product of glass, SEM examination of sample $32 suggests that mordenite crystals formed from and around the relict glass (Figures 9 and 10) . The mordenite crystals were too fine to be analyzed by the electron microprobe; however, analyses of a radial mineral aggregate in sample $46 yielded nearly identical results, close to mordenite. Optical observation was not conclusive in establishing the identity of this phase. The average composition of these spots is given in Table 2 . The stoichiometric formula (on the basis of 96 oxygen atoms) is exceptional in that its 1.2 K-and 1 Ca-atoms per unit cell are outside the range (0.1-0.8 and 1.6-2.5, respectively) given by Gottardi and Galli (1985) . The variation of the exchangeable cations in mordenite, however, must be larger as is evident from a triangular diagram given by Passaglia (1975, Figure l) drawn from literature data. Figure 5 ), which locally form lepispheres or elongated blocks (Figure 11 ). On the basis of XRD data presented in Table 1 , opal-CT more commonly coexists with smectite and K-rich clinoptilolite, especially in the opal-rich cross-cutting veins, whereas cristobalire more commonly coexists with (K, Ca)-rich clinoptilolite and mordenite in the tufts. Quartz detected by XRD in three samples is considered to be pyrogenic.
Clay minerals. Smectite is present in most of the examined samples; it was identified from its 001 XRD reflection close to 14 ~ which shifted to 17 ~ on glycolation and collapsed on heating at 490~ for 2 hr. In a few samples, smectite is the main constituent; however, most tufts contain no more than 15% smectite. SEM shows that smectite has typical flame-like structures with irregular outlines and commonly coexists with star-shaped clusters of opal-CT (Figure 12 ). Kaolinite was identified as an accessory phase in one sample and as the main constituent in another. In both samples, the kaolinite is not very well crystallized. Not enough optical data were obtainable to give its paragenetic relationships with the authigenic minerals.
Halite. Halite is present in about half of the samples, and its abundance varies widely. It was identified from its XRD peaks at 2.82, 1.99, and 3.258/~. Table 3 lists the chemical composition of unaltered and altered dacite samples along with the type of zeolite present in the latter. Table 4 lists the chemical composition of altered, opal-CT-rich samples and zeolitic tufts along with the type of zeolite present in the latter materials. The most salient features of these tables are the extreme range of Si/A1 ratios and the restriction of K-rich clinoptilolite to altered dacite samples and of (K,Ca)-dch elinoptilolite to altered tufts and lapilli tufts. The Si/A1 ratios for the K-rich clinoptilolite-bearing rocks (Table 3) range from 3.89 to 8.26 (mean = 6.25) and for the (K,Ca)-rich clinoptilolite-bearing rocks (Table 4 ) from 3.63 to 4.78 (mean = 4.06).
Host rock composition
The compositions of the altered dacitic blocks of the Lumaravi-Archangelos pyroclastic rocks and the unaltered dacitic flow (reported by Nicholls, 1971) (Table  3) are significantly different.
DISCUSSION
The alteration of the original dacite to the zeoliterich (clinoptilolite, mordenite) rock (e.g., sample $53, Table 3 ) resulted in an increase in H20 and MgO and a decrease in SiO2, Na20, K20, A1203, and CaO. No data are available on the original bulk composition of the tufts, the alteration of which led to the (K, Ca)-rich clinoptilolite-bearing rocks. A correlation of their present bulk composition with the textural relations of their authigenic minerals, however, suggests that zeolitization was accompanied by the same type of chemical modifications, with the exception of CaO, which increased with zeolitization. If the glass of the tufts was initially similar in composition to the comparatively unaltered glass analyzed in the (K, Ca)-rich clinoptilolite-bearing sample $46 (Table 4) , zeolitization apparently did not result in a significant change of the Si/A1 ratio, inasmuch as this ratio is 4.29 and 4.06 in the glass and zeolitic tuff, respectively. The mean Ca/ (K + Na) ratios of the halite-free, K-rich clinoptilolite- 
Total iron as Fe2Oa. K-Ca-Cp = (K,Ca)-rich clinoptilolite; Mo = mordenite.
and (K,Ca)-rich clinoptilolite-bearing samples are 0.42 and 0.60, respectively. Thus, the initial compositional inhomogeneites apparently controlled the type of the heulandite-group zeolite that formed (cf. Boles and Coombs, 1975; Stonecipher, 1978) . The stages of alteration leading to the formation of zeolite-rich rocks are shown by comparing samples altered to different degrees. Samples $6, S16, S13, and S 1 cannot be easily attributed to one of the original lithologies; however, the lack of zeolites and the presence ofsmectite and opal-CT in some of these samples suggest that they may represent initial alteration stages (Hay, 1963; Reynolds and Anderson, 1967; Henderson et al., 1971; Reynolds, 1970) . Inasmuch as no diagnostic XRD peaks for an authigenic phase were recognized in sample S16, its bulk chemistry probably reflects the composition of the dominant altered glass or noncrystalline silica deposited from the circulating fluids and pyrogenic feldspar and quartz. Textural evidence suggests that in a later stage, glass dissolved, and smectite and opal-CT formed to fill much of the pore space. Smectite was apparently the first mineral to crystallize, because the outer walls of most of the glassshard pseudomorphs are lined with a thin layer of clay. The early formation of smectite was probably favored by a relatively low (Na § + K+)/H + activity ratio in the pore fluid (Hemley, 1962) . Subsequent alteration of glass to smectite would have raised the pH, as~o2, and (Na + + K+)/H + activity ratio, providing a chemical environment favorable for the formation of clinoptilolite (Hay, 1966; Hay and Sheppard, 1977; Hay and Guldman, 1987) , depending on the initial composition. Inasmuch as SEM examination of some clinoptilolitebearing samples shows that opal-CT coexists with early-formed smectite (Figure 12 ) and as spherules on top of clinoptilolite crystals ( Figure 5 ), opal-CT probably continued to form at this stage and excess silica was probably present in the solution (Walton, 1975) . The formation of K-and (K, Ca)-rich clinoptilolites may have caused an increase in the Na/K ratio in the remaining liquids. Solutions greatly enriched in Na relative to K apparently were unfavorable for clinoptilolite formation, and these zeolites were unstable with respect to the more Na-rich mordenite (see Hay, 1966; Hawkins et al., 1978) . At this stage, K-rich and (K,Ca)-rich clinoptilolites and opal-CT ceased to form, as indicated by the ragged morphology of some clinoptilolite crystals (Figures 4 and 5) and by the late precipitation of rnordenite fibers over clinoptilolite crystals or globular bodies ofopal-CT (Figures 4, 8, and 11 ). SEMs of sample $32 show that some of the mordenite fibers apparently grew by replacing the rims of glass shards (Figures 9 and 10 ), which could have been hydrated and leached of A1, as suggested by Gogishvili et al. (1973) and Hawkins et al. (1978) .
The present study did not confirm the occurrence of analcirne, traces of which in the Lumaravi-Archangelos pyroclastic rocks were reported by Kanaris ( 1981) . According to Hay (1966) and the experimental work of Barter and White (1952) and Coombs et al. (1959) , mordenite and analcirne may crystallize at the same temperature from solutions of similar composition, but at lower and higher pH, respectively. The formation of analcime from pre-existing alkalic, silicic zeolites has been correlated with a saline and alkaline environment (e.g., Sheppard and Gude, 1973) and also with a burial diagenetic setting (cf. Iijima and Utada, 1971) . Inasmuch as hydration reactions led to the formation of the clay minerals and the zeolites must have consumed large quantities of water trapped in the Lu- 
maravi-Archangelos pyroclastic rocks, the remaining solutions probably became increasingly saline. The occurrence of halite in some of the examined samples indicates that salts might have been highly concentrated in such domains. The scarcity ofanalcime in the Lumaravi-Archangelos pyroclastic rocks suggests that the increased salinity of the fluids was rarely coupled with an increase in pH of the pore water, which would increase the Na § + ratio and the solubility of SiO2, favoring the crystallization of this zeolite. The original pyroclastic material was possibly air laid onto the land surface, perhaps fairly close to the sea which subsequently covered the deposit. The authigenic silicate mineral assemblages probably resulted from a diagenetic alteration in a marine environment or in an open hydrologic system. Zeolites, however, such as clinoptilolite and mordenite, occur in both fresh and saline water environments. Their coexistence, coupled with the absence of phillipsite, also characterizes low-temperature hydrothermal alterations (Honda and Muffler, 1970; Iijima, 1974) . The obvious evidence for a saline, alkaline environment, i.e., bedded saline minerals, has not been found in the Lumaravi-Archangelos pyroclastic rocks. Erionite, ehabazite, and phillipsite which seem to be important indicators of depositional environments and which are common in saline, alkaline-lake deposits (Mumpton, 1978) were not found in the pyroclastic rocks studied. On the other hand, the presence of halite in the Lumaravi-Archangelos pyroclastic rocks imposes some problems, because to our knowledge, its occurrence is especially common in saline lakes (closed environments). Zeolite alteration zones in open-system deposits show more or less vertical sequences ofauthigenic silicate minerals, and zeolites produced in saline, alkaline lakes have relatively sharp or gradational lateral zones with rocks containing fresh glass, depending on the pH (Hay and Sheppard, 1977) . As stated above, the alteration minerals in the Lumaravi-Archangelos deposit do not seem to be vertically zoned, the outcrop distribution of secondary mineral assemblages seems to be random, because adjacent samples at essentially the same stratigraphic horizon and derived from the same original lithology commonly contain contrasting mineral assemblages. This irregular distribution of zeolites and related minerals may be attributed to differences in factors controlling the alteration, such as localized heat flow, ionic activities in the stratal waters, and permeability of the pyroclastics in the circulation of fluids.
Inasmuch as the Lumaravi-Archangelos pyroclastic rocks were in a region of active heat production during and after their emplacement (el. NichoUs, 1971; Fertara et aL, 1980) , their alteration features were probably not produced by cold water. Recent studies have shown that the geothermal gradient in the Akrotiri area (borehole 11, Figure 1C ) is 4.7~ m, but an even higher geothermal gradient (15.7~ m) exists in the Thermia area between the surface and about 180 m (Kavourides et al., 1982) . Thermal springs of the sodium chloride type are known in the Thermia and Vlychadha areas, 3.5 km NE and SE of the Akrotiri village, respectively (Figure I B) . Kavourides et aL (1982) , based on the chemistry at the thermal spring, drill hole, and well waters (Table 5 ) and the SiO2 concentration and Na-K and Na-K-Ca geothermometers, suggested that the source aquifers may have had a temperature of 130~ but even higher temperatures (180~ cannot be precluded. The hottest of the springs (Thermia) yields water at 52~ and contains 5.42% dissolved solids, an amount considerably higher than Table 5 . Chemical composition of selected hot spring, well, and borehole waters (ppm) from the Southern Santorini Island (Kavourides et aL, 1982 that of sea water. It also shows considerable differences in temperature and composition compared with the Vtychadha thermal spring, the borehole 11 water, and well waters of the Akrotiri area, which are of low salt content. Note that the geothermal fluid in Iceland is generally water of meteoric origin, and only in the extreme case of the Reykjanes high-temperature geothermal area, has the fluid the salinity of sea water (Kristmannsdrttir and T6masson, 1978) . Some oil field brines or thermal spring waters described by White (1957) have compositions similar in part to the Santorini thermal areas.
The differences in composition and temperature of the waters in the Akrotiri area suggest that the original hot, deep water was probably mixed with marine or ground water during its ascent through the various channels. Water that moved through short channels probably reached the surface at high temperature strongly enriched in salts, whereas water that followed longer paths reached the surface cooler and depleted in salts. This movement of hydrothermal waters of varying composition and temperature through the pyroclastic pile probably induced alteration in the mineral assemblages, the variation of which being governed by the relative distance of the sample to the circulation of the geothermal water.
Evidence for rapid flow, which created a uniform chemical environment, can be found in the widespread occurrence of cross-cutting opal-CT-rich veins and joints. Judging from the common occurrence ofzeolites as a cement or cavity filling, however, and the variable degree of alteration over small areas in pyroclastic layers, the permeability did not favor rapid fluid movement throughout the formation. The importance of permeability in the alteration and the deposition of the different zeolite assemblages has been stressed by several authors (e.g., Boles, 1977b) . The concept of high initial permeability, its subsequent decrease due to deposition of secondary minerals, and the formation of individual closed systems proposed by Keith and Staples (t 985) seems to be compatible with the irregular distribution ofzeolites and related minerals in the Lumaravi-Archangelos pyroclastic rocks. The alteration of the glassy tufts to authigenic silicates by the geothermal water may have led gradually to the sealing of joints, fractures, and open spaces.
The permeability barriers imposed on the fluid flow may have subdivided the originally postulated open system into smaller closed systems. Then, as alteration progressed, some of the trapped water in each individual domain was consumed in hydration reactions, the water/rock ratio decreased, and the remaining fluid equilibrated at the new conditions (Michard, 1987) . Each system further evolved by mainly solution-controlled reactions, and eventually adjacent samples developed different mineral assemblages. The irregular distribution of halite in the studied deposit indicates that the salinity of the fluids was different in the various sealed domains. Saturation in NaC1 has been shown to be possible for systems undergoing hydration reactions (Trommsdorff and Skippen, 1987) . Salts may have concentrated by such a process, and halite probably precipitated directly from solutions of appropriate composition in individual closed systems. The lack of zeolite species or other mineral species considered to be characteristic of a closed-system environment in the Lumaravi-Archangelos pyroclastie rocks may be explained by the low alkalinity of the trapped fluid. This suggestion is supported by the low pHs of the drill hole and well waters of the Akrotiri area, as well as by the pH of the hot spring waters of the Thermia and Vlychadha areas.
